Background: To date, there is no consensus on ideal ways to measure antiretroviral treatment (ART) adherence in resource limited settings. This study aimed to identify markers of poor adherence to ART.
Introduction
The estimated prevalence of HIV infection in South Africa in 2012 was 12.2% which represents 6.4 million persons; 18.8% of these are persons aged 15 to 49 years. 1 The impact of the global HIV/AIDS pandemic has been mitigated by the expanding access to antiretroviral therapy (ART). 1, 2 However, the gains made by widespread access to treatment have been impeded by poor adherence to ART.
There is no standard definition of good adherence; other scientists have defined it as taking at least 95% of the correct medication, in the correct quantities, at the correct time and following any associated recommendations such as those pertaining to food. 3, 4 However, others have shown 80% adherence may be sufficient to maintain virological suppression [5] [6] [7] and others still define good adherence as taking at least 90% of prescribed medication. 8, 9 A distinction has also been made between complete (100%) and incomplete adherence (<100%). 10, 11 To be able to satisfactorily delay the development of antiretroviral drug resistant viral strains and poor clinical outcomes, a maximal level of treatment adherence needs to be achieved by each individual patient on ART. In addition, patients on ART who are adherent to treatment bear a lower likelihood of transmitting resistant viral strains to other patients. The public health challenges of drug resistant HIV strains circulating among patients on ART include use of second line drugs which are more expensive and are not easily affordable to patients in resource limited settings where drug choice of ART are very limited.
Self-reporting is commonly used to measure adherence. However, the potential for errors from patient recall and dishonesty is of great concern. 12, 13 A meta-analysis by Nieuwkerk et al. 14 found that self-reported adherence could distinguish between poor and good adherence as defined by viral loads of <400 vs ≥400 copies per ml respectively. Self-reporting is used to measure adherence at the Themba Lethu Clinic, along with viral load and the number of missed visits (defined as missing a scheduled medical or ARV drug pickup visit by at least 7 days 15 calculated from visit schedules. 16 On-time drug pick up does not, however, guarantee adherence. 17 CD4+ count and mean corpuscular volume (MCV) have been used as surrogate clinical measures of adherence. Studies have shown that MCV is a reliable measure of adherence in patients on zidovudine (AZT) as most patients demonstrate an increase in MCV above the normal range within 4 weeks of starting AZT. [18] [19] [20] A drop in MCV of <14.5 fL (from baseline to 6 months) or at 6 months of <100 fL suggests poor adherence. 13, 18, 21 Mugisha and colleagues reported that 12 weekly MCV measurements may be useful in monitoring adherence to AZT-containing regimens in low-income countries, where HIV RNA may be unavailable. 22 Similarly, studies have also shown elevation of MCV in patients on stavudine (d4T), suggesting that it could also be used as a surrogate marker to monitor adherence in patients on d4T-containing regimens since MCV is an important initial test to assess presence of microcytic and macrocytic anaemia and is therefore used to diagnose anaemia among patients on nucleoside reverse-transcriptase inhibitor drugs, particularly AZT and d4T. 13, 18, 23 CD4 cell count has also been used to monitor ART adherence since an increase in CD4 cell count is closely correlated to viral load as such CD4 cell count increase could be used as a clinical proxy to viral load. While CD4 cell count may positively predict poor adherence, studies have shown that CD4 cell count poorly predicts treatment failure. 24, 25 Viral load is one of the most reliable measures of adherence or effectiveness of ART, 5, 26 serving as a gold standard against which the efficacy of other routinely collected and more affordable measures could be assessed. However, the test is expensive costing approximately US$60/test. 14, 15, 22 Studies have classified participants as responders (HIV-RNA decrease ≥1 log 10 or reaching <400copies/ml) or non-responders (HIV-RNA decrease <1 log 10 or reaching ≥400copies/ml) following combination ART (cART) initiation. 22 Early identification of poor treatment adherence may trigger early intervention among patients on ART to improve compliance to ART which may ultimately result in better treatment outcomes. Such an undertaking might also maximize use of standard first line ART regimens in settings where therapeutic options are limited as second line regimens are expensive, hence not affordable. Surrogate measures such as self-reported adherence, missed visits, MCV and CD4 cell count have been used to assess adherence particularly in resource-limited settings since they are cheaper than viral load testing, but there is no consensus on the ranking of these measurements compared to the gold standard of viral load monitoring. It is this lack of consensus, together with the high cost of viral load testing that prompted us to conduct this study which was aimed at identifying suitable markers that could be used to routinely assess poor adherence to ART among patients with HIV.
Methods

Study design
We used cohort data from patients attending care at Themba Lethu Clinic, an urban public sector treatment facilty in Johannesburg South Africa. Since 2004, Themba Lethu Clinic has enrolled approximately 30 000 patients with HIV into its HIV care and treatment programme, over 21 000 of whom have received ART. 16 Patients on treatment are typically seen at least every 3 months and routine blood tests for monitoring at the site including full blood count (FBC), CD4 count and viral load are performed according to the Department of Health ART guidelines. 27 The requirements for monitoring have changed over time with revisions to guidelines. Before 2010, an FBC was measured at treatment initiation then at 1, 2, 3 and 6 months. Thereafter monitoring was on a 6 monthly basis for patients who were taking AZT-based regimens. In addition, CD4 count and viral load measurement were both performed at baseline then 6 monthly thereafter. 28, 29 The 2013 Department of Health ART treatment guidelines, however, stipulated that FBC should be done at 3 and 6 months only for patients on AZT-based regimens. 27 Based on the 2013 National Guidelines, CD4 count is measured at baseline and 1 year on ART. This means that subsequent monitoring of a patient's response to ART is done by viral load. 27 The viral load is still measured at 6 and 12 months after ART initiation and annually thereafter. 27 
Study population
The analysis included HIV-positive ART-naïve patients aged 18 years and above initiated on a standard first-line ART regimen between 1 April 2004 and 31 December 2011 who had been on ART for at least 6 months. 28 Patients that were lost to follow up (LTFU; defined as missing their last scheduled visit by more than 3 months), 30 transferred to another facility or died within the first 6 months on ART were excluded from the analysis (Figure 1 ).
Study variables
Self-reported adherence was defined as the last self-reported adherence level on or after 3-month visit, and not more than 3 months before the date of the viral load, but at least 28 days before the viral load was done. It was categorized as >90% (all pills), >60 to 90% (most pills), >30 to 60% (about half the pills), 10-30% (a few of the pills) and <10% (none of the pills).
The number of missed visits during the study period was defined as missing a scheduled visit date by 7 or more days 15 but less than 91 days (as patients would then be classified as LTFU). 30 Based on the type of visit, three additional variables were derived: total number of missed visits, number of missed ARV drug pick-up and number of missed medical visits. Each of these variables had three categories: 0, 1 or ≥2 missed visits. MCV at baseline or at 6 months was categorized as <80 fL, 80-100 fL and >100 fL. The change in MCV at 6 months was calculated as the difference between the MCV at 6 months and baseline (µ2-µ1). The variable was categorized as ≥14.5 fL and <14.5 fL. 21 Transactions of the Royal Society of Tropical Medicine and Hygiene CD4 cell count at baseline and 6 months was categorized as a CD4 cell count of >200 cells/mm 3 , 101-200 cells/mm 3 , 51-100 cells/mm 3 and ≤50 cells/mm 3 . The change in CD4 cell count at 6 months in cells/mm 3 was calculated as the difference between the CD4 cell count at 6 months and baseline (µ2-µ1). CD4 cell count is expected to rise by 100 cells/mm 3 /year or 50 cells/mm 3 in 6 months 20,31 as a sign of immune recovery among patients on ART. The change in CD4 cell count at 6 months was categorized as greater than or equal to the expected (≥100 cells/mm 3 /year × duration of treatment in years) and less than expected (<100 cells/mm 3 /year × duration of treatment in years).
TB was defined as: never on TB treatment (during the first 6 months on ART); on TB treatment at ART initiation (baseline); and TB treatment during the first 6 months on ART. Similarly, pregnancy was defined as: never pregnant (during the first 6 months on ART); pregnant at baseline; and pregnant during the first 6 months on ART. The primary outcome of the analysis was defined as the first viral load done 90 to 270 days after ART initiation. The viral load result was then categorized as undetectable (<400 copies/ml, a proxy for good adherence) or detectable (≥400 copies/ml, a proxy for poor adherence).
Statistical analysis
Patient demographics and clinical characteristics at ART initiation were described using means with standard deviation for normally distributed variables, medians with interquartile range for variables that were not normally distributed and proportions for categorical variables. The diagnostic accuracy of each identified marker of adherence was assessed using sensitivity, specificity, positive predictive values (PPVs) and negative predictive values (NPVs) using the 6 month viral load result as the gold standard. Univariate and multivariate poisson regression models with robust error variance were also used to estimate incidence rate ratios (IRRs) and 95% CIs. IRRs were used to approximate the relative risk (RR) of poor adherence. Variables with p<0.1 on univariate analysis were included in the multivariate regression models. CD4 count at baseline, gender and age were included in the final multivariate model and variables with p≤0.05 were considered statistically significant factors. Data were analysed using STATA Release 13 (StataCorp, College Station, TX, USA).
The study was approved by the University of the Witwatersrand Human Research and Ethics Committee; Clearance Certificate number M120858.
Results
Description of the study population
In total 26 278 patients initiated ART at the Themba Lethu Clinic during the study period. We excluded patients <18 years, those who initiated outside the study period or at another facility or on a nonstandard regimen and those who died, were LTFU or transferred out. The remaining, 11 724 patients were included in the final analysis.
Description of baseline characteristics
The baseline characteristics of enrolled patients is summarised in Table 1 M. Nnambalirwa et al. Viral load <400 copies/ml n=10011 Viral load ≥400 copies/ml n=1713
Total n=285
Viral load <400 copies/ml n=247 Viral load ≥400 copies/ml n=38 n (%) and median (IQR)/mean ± SD n (%) and median (IQR)/mean ± SD Table 1 ). Self-reported adherence was measured at a median of 63 days before the viral load was done (IQR 56-84). The value for a variable at 6 months being defined as the first available value between 150 and 300 days after ART initiation, MCV at 6 months was measured at 202 days after ART initiation (IQR 170-268) and CD4 cell count at 6 months was measured at 204 days after ART initiation (IQR 171-272). For patients on an AZT-based regimen measurement was done 204 days after treatment initiation (IQR 175-261) for MCV and 211 days after ART initiation (IQR 176-267) for CD4 cell count. ART regimen was changed in 9.2% (1076) of the patients during the first 6 months (Supplementary Table 1 ).
Performance of the markers of adherence
We assessed the diagnostic accuracy (sensitivity, specificity, PPV and NPV) of each of the markers, compared to the first viral load result within 270 days of initiation as the gold standard, to correctly identify poor adherence during the first 6 months on ART. Change in MCV at 6 month had a sensitivity ranging from 70.2% for d4T and AZTbased regimens to 97.4% for tenofovir (TDF)-based regimens. Change in CD4 cell count at 6 months stratified by change in MCV for patients on TDF-based regimens had the highest sensitivity (98.2%) but for patients on d4T-or AZT-based regimens the sensitivity dropped to 76.8% and the specificity increased to 49.2% (Table 2) .
Univariate and multivariate analysis of markers of poor adherence to ART Poor adherence to treatment was observed in 1712 (14.6%) of the patients within 6 months of ART initiation. Univariate analysis for all eligible patients showed the following to be significantly associated with poor adherence: male gender, WHO stage of HIV disease at baseline and MCV at baseline (p<0.05). In addition, change in CD4 cell count at 6 months stratified by change in MCV at 6 months, number of missed medical visits, self-reported adherence, adverse events, low BMI indicative of rapid weight loss, change in CD4 cell count at 6 months, MCV at 6 months and change in MCV at 6 months were significantly associated with poor adherence (p<0.05). Number of missed ARV and other visits were not significantly associated with poor adherence at the univariate level. For all eligible patients on AZT-based regimens, the following factors were significantly associated with poor adherence: self-reported adherence, change in CD4 cell count at 6 months, number of missed visits, number of missed medical visits, MCV at 6 months, haemoglobin and pregnancy (p<0.05) ( Table 3) .
After adjusting for potential confounders in the multivariate regression analysis, change in CD4 cell count at 6 months stratified by change in MCV at 6 months, WHO stage at baseline and MCV at baseline were independently associated with poor adherence. For patients on AZT-based regimens, MCV at 6 months was an independent marker of poor adherence in the final multivariate model.
Discussion
Better patient adherence would help patients stay on first-line treatment for longer, hence reducing the need for more expensive second-line treatment. We identified several factors associated with adherence to ART, as measured by a suppressed viral load at 6 months. These include WHO stage and MCV at baseline and change in CD4 cell count stratified by change in MCV at 6 months, this being the strongest marker of poor adherence and the most relevant. The reason being that since baseline values of factors such as WHO stage, MCV and CD4 cell count are measured at treatment initiation stage, any change in M. Nnambalirwa et al.
such measure afterwards could be attributed to change in the level of adherence. During the study period, 63% (3651) of the patients in this study were on a d4T or AZT-based regimen. A change in MCV at 6 months after initiation was significantly associated with poor adherence in the univariate analysis, this finding was not unusual. While change in MCV at 6 months is a marker of poor adherence, for patients on TDF based regimens there is a low specificity. Likewise, the specificity for the change in CD4 cell count stratified by change in MCV at 6 months was also low for patients on TDF-based regimens. Nevertheless, regardless of the regimen type, patients who had a change in CD4 cell count less than expected at 6 months and a change in MCV that is <14.5 fL, had a significantly higher risk of having a detectable viral load at 6 months. MCV is known to increase, particularly in adherent patients on AZT-based regimens. 18, 20 For patients on AZT-based regimens, however, change in MCV at 6 months was not significantly associated with adherence. This disparity may also explain why there was no interaction between change in MCV and change in CD4 cell count at 6 months for patients on AZT-based regimens. In these patients, change in CD4 cell count at 6 months was independently associated with poor adherence.
The South African Department of Health ART treatment guidelines released in 2013, stipulate that FBC, from which MCV is derived, should be assessed at initiation of ART, 3 and 6 months for patients on AZT-based regimens to detect AZT toxicity. 27 However, the findings of this study make the case for MCV monitoring for patients on d4T as well, in order to monitor adherence in these patients. After 6 months of ART, MCV monitoring to assess adherence may still be necessary for patients on AZT and d4T-based regimens. The interaction between changes in MCV and CD4 cell count at 6 months might also indicate that CD4 cell count may need to be tested at 6 months and beyond the currently stipulated schedule of 1 year on ART. 27 Both MCV and CD4 cell count at 6 months could thus help health workers identify patients with poor adherence to treatment in the absence of viral load testing. These patients could then be offered further interventions to improve adherence. One such intervention would be more intensive adherence counselling, which would include identifying and seeking solutions to the reasons for poor adherence. Additionally, pill count could be added to quantify adherence. Pill count, however, is prone to error as medication may be removed and discarded, thus, unannounced pill counts may be more accurate. 7 Other interventions such as electronic or therapeutic drug monitoring could also be used in addition to intensified counselling, but are too expensive for resource-limited settings (at least US$115 and US $38 respectively). In addition, electronic drug monitoring tells you the time the pill bottle was opened, but not whether medication was actually taken. Therapeutic drug monitoring on the other hand is vulnerable to white coat adherence. 12, 32 This is full adherence for a short interval prior to a clinic visit, making serum drug monitoring unreliable. 32 Furthermore, serum drug levels cannot routinely measure nucleoside reverse transcriptase inhibitor levels because active moieties are intracellular. 12 There was no observed association between CD4 cell count at baseline and poor adherence. WHO stage ≥2 at baseline was significantly associated with a detectable viral load at 6 months and hence poor adherence. These results are contrary to the findings of Maqutu and colleagues in South Africa, where adherence of <95%, in the first month and measured by pill count, was found to be associated with a higher CD4 cell count at baseline. 33 Similarly, Heckman and colleagues in the USA found good adherence measured by selfreport to be associated with lower progression to AIDS. 34 The DART trial showed that complete (100%) adherence, measured by pill count, was associated with a higher baseline CD4 cell count. 10 The fact that the risk of a detectable viral load at 6 months increases with higher WHO stage at baseline emphasises the need for people to know their HIV status and start ART early if eligible.
In a meta-analysis by Nieuwkerk et al., 14 self-reported adherence was found to distinguish between poor and good adherence, as evidenced by detectable and undetectable viral loads. The absence of self-reported adherence from the final multivariate model in this study may be due to the large proportion of patients (>50%) without self-reported adherence, making the variable or marker unreliable. It may also reflect the fact that Transactions of the Royal Society of Tropical Medicine and Hygiene the variable is not reliable as it is vulnerable to errors from patient recall and dishonesty 12, 13 ; separating these two was found to be difficult. It should be noted that self-reported adherence is a measure of how ART is taken but does not encompass the full definition of adherence, which includes following other recommendations pertaining to food. 35 
Limitations
Missing data might have introduced information bias if patients with missing data were systematically different from patients with available data and the variable is somehow related to the viral load at 6 months. In addition, professional status and education level are recorded only at initiation and it was, therefore, The reference group for patients on AZT-based regimens is >100 fL, the following group is 80-100 fL and the last group is <80 fL. This is because <80 fL had no observations for MCV at 6 months in patients on AZT-based regimens. a On AZT-based regimens throughout the study period.
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not possible to adjust for any changes in the two variables during the study period. Furthermore, as viral load testing was not routinely done at baseline, it was not possible to adjust for this variable in the multivariate model. Selection bias was another limitation as patients excluded due to transferring out, loss to follow up or death during the study period may have introduced systematic error in the study results. There is a possibility the patients who were lost to follow up or died during the first 6 months on ART might have have adhered poorly to treatment. This early poor adherence may be a strong predictor of loss to follow up and ultimate progression to AIDS and mortality. 36, 37 An additional limitation was that the outcome variable, viral load at end-point (6 months) is itself a surrogate marker of adherence, as poor adherence is the most common cause of a detectable viral load at 6 months on ART. Other factors such as malabsorption, drug interactions, diabetes mellitus and the acquisition of a drug-resistant HIV strain may contribute to a detectable viral load at 6 months, despite good adherence. It was also noted that there was no known surrogate clinical marker for the detection of adherence levels for tenofovir disoproxil fumarate (TDF), lamivudine (3TC), emtricitabine (FTC) nevirapine (NVP), efavirenz (EFV). Change in MCV at 6 months was a marker only for patients on d4T or AZT-based regimens, who were in the majority in this analysis.
Conclusions
In conclusion, the strongest marker of poor ART adherence among adults with HIV at Themba Lethu Clinic was change in CD4 cell count stratified by change in MCV at 6 months. MCV and WHO stage at baseline, were also predictors of poor adherence. For adult patients on AZT-based regimens, the markers of adherence to ART were change in CD4 cell count at 6 months and pregnancy during the first 6 months on ART. Therefore, special attention should be paid to the above-mentioned markers of poor adherence. These markers could help health workers identify poor adherence to treatment in the absence of viral load testing and target patients for interventions to prevent virological failure. Further studies are needed to verify whether the markers of adherence remain consistent over longer periods of time on ART. Further studies are also recommended in order to confirm whether the markers of adherence remain consistent as accessibility to and number of patients on TDF-based regimens increases, i.e., if these markers are useful for other ART regimens besides AZT and d4T.
